Introduction
Carcinomas are complex tumors consisting of neoplastic epithelial cells, vasculature, inflammatory cells, and immune cell infiltrates. Many human carcinomas exhibit desmoplasia, characterized by the accretion of reactive stromal cells and extracellular matrix (ECM). In established human solid tumors, nests of cancer cells are often circumscribed by a dense fibrotic stroma containing high levels of collagen, fibronectin, and hyaluronan (HA), and a heterogeneous population of cancer-associated stromal cells (CASC), including cancer-associated fibroblasts (CAF), a smooth muscle actin-positive (aSMA þ ) myofibroblasts, and mesenchymal stem cells (MSC; refs. [1] [2] [3] [4] [5] . The extent of desmoplasia varies among different tumor types. In pancreatic cancer, desmoplasia comprises as much as 90% of tumor mass and heightens therapeutic resistance (6) . However, even in tumors in which stroma represents a relatively minor component, desmoplasia can impact tumor cell behavior. The role of desmoplasia in tumor initiation, progression, metastasis, and resistance to therapy is complex and not yet well understood. The desmoplastic response can promote tumor growth, invasion, and metastasis through ECM remodeling as well as the production of growth factors, cytokines, and chemokines (7) (8) (9) (10) . It also promotes tumorigenesis by supporting angiogenesis (7, 11) , altering tissue stiffness and mechanotransduction (12, 13) , inducing inflammation (14, 15) , and suppressing antitumor immunity (16, 17) . Tumor stroma can also limit drug delivery and confer resistance to chemotherapeutics (18) (19) (20) (21) , radiation (22) , antiangiogenesis therapy (23) , and immunotherapy (16, 24, 25) .
Based on the tumor-promoting functions and the therapeutic resistance conferred by tumor stroma, it has been hypothesized that destruction of stromal cells and/or disruption of molecular stromal cell/ECM-dependent pathways would inhibit tumor growth and augment efficacy of other therapeutic modalities. Several proof-of-concept studies support this hypothesis. Preventing recruitment and differentiation of CASCs by targeting chemokine-chemokine receptor pathways inhibited tumor progression (26, 27) . Consistent with the role of inflammatory myeloid cells in promoting CAF activation, treatment with dexamethasone reduced desmoplasia and attenuated tumor growth (15) . Furthermore, inhibition of collagen binding to its discoidin domain receptor reduced colony formation of primary pancreatic tumor cells (28) . Blockade of the HA-CD44 axis inhibited tumor cell proliferation, survival, invasion, and epithelial-to-mesenchymal transition (EMT; refs. 29 and 30) . Genetic targeting or pharmacological inhibition of the protease activity of fibroblast activation protein (FAP) reduced lung tumor growth (9) . Furthermore, depletion of HA in the tumor stroma induced a transient increase in vessel density and perfusion that facilitated delivery of gemcitabine into tumors, thereby augmenting efficacy of chemotherapy in a highly desmoplastic mouse model of pancreatic ductal adenocarcinoma (PDA; refs. 18 and 20) .
An alternative approach to targeting molecular pathways is to target stroma at a cellular level; however, it is important to keep in mind the potential plasticity (31, 32) and heterogeneity of this compartment (1, 3) . Distinct stromal cell subpopulations may have opposing effects on tumor growth, progression, and metastasis. The depletion of specific subpopulations may have either therapeutic or detrimental effects. The impact may depend on tumor type, stage of tumor progression, variation in tumor immunogenicity, and the degree of desmoplasia. Thus, delineation of the roles of distinct subpopulations in tumor growth, including their roles in regulating antitumor immunity, desmoplasia, and angiogenesis, is required to inform the rational design of stromal cell-targeted therapies.
For (16, 35, 36, 44) . We found that depleting FAP þ cells in murine AE17.OVA mesothelioma or TC-1 lung tumors increased intratumoral T cells and that the antitumor effect of depleting FAP þ cells was abrogated in immune-deficient hosts, indicating an essential role for adaptive immunity. However, the tumor models used in that study were highly immunogenic and exhibited modest desmoplasia. Nevertheless, we detected pronounced alterations in stromal composition. These studies therefore raised the question as to whether depletion of FAP þ cells in the setting of weakly immunogenic and/or highly desmoplastic tumors may affect tumor growth through immune-independent stromaldependent mechanisms. In the study described herein, we evaluated the requirement of FAP þ cells for the maintenance of a desmoplastic stroma and the impact of FAP-CAR T-cell-mediated depletion of FAP þ cells on weakly immunogenic, but highly desmoplastic tumors under conditions in which immune and stromal-dependent mechanisms could be dissected. We demonstrate that FAP þ cells are required to maintain a provisional matrix in desmoplastic tumors, including human lung cancer and mesothelioma xenografts and mouse models of PDA, and the efficacy of stromal cell depletion in inhibiting tumor growth in such tumors is mediated by immune-independent mechanisms. Taken together with recent data from others (16, 35, 36) , these results define potentially distinct roles for myofibroblasts and FAP þ stromal cells in pancreatic cancer (34) . (46) were backcrossed 12 generations onto a C57BL/6 genetic background. These mice in turn were crossed with NSG mice to generate NSG FAP-null mice. KPC mice were provided by mouse hospital at the University of Pennsylvania. Experimental protocols were approved by the Institutional Animal Care and Use Committee and were in compliance with the Guideline for the Care and Use of Animals.
Materials and Methods

Cell culture
Engineering of anti-muFAP CAR constructs and generation of FAP-CAR T cells
A single-chain Fv domain of anti-mouse FAP antibody 73.3 along with human CD8a hinge and transmembrane domain, plus 4-1BB and CD3z signaling domains were cloned into the retroviral vector MigR1 encoding EGFP to establish FAP-CAR construct as described (44) . Primary mouse T cells were transduced with FAP-CAR construct or MigR1 vector to generate FAP-CAR T cells and MigR1 T cells respectively, as described in Supplementary Materials and Methods.
Intravenous transfer of CAR-T cells in mice bearing established tumors C57BL/6 mice and NSG mice were injected subcutaneously with 2 Â 10 6 AE17.OVA or 3 Â 10 5 4662 tumor cells suspended in matrigel (BD Biosciences). Tumor-bearing mice were randomly assigned to three groups that received FAP-CAR or MigR1-transduced (control) mouse T cells or remained untreated. KPC mice were monitored by ultrasound and randomly assigned for treatment when they had established pancreatic tumors of 95 to 270 mm 3 . A total of 1 Â 10 7 CAR T cells per dose were administered intravenously. T cells were given once for AE17.OVA tumorbearing mice and twice (at a week interval) for PDA models. To test human T cells with redirected CAR against murine FAP in human tumor xenografts, NSG and NSG-FAP null mice were injected subcutaneously with 2 Â 10 6 A549 cells or I45 cells mixed with matrigel. Mice bearing established tumors then received one dose of 1 Â 10 7 FAP-CAR human T cells intravenously or left untreated.
Statistical analyses
For studies comparing two groups, the Student t test was used. For comparisons of more than two groups, we used one-way ANOVA with appropriate post hoc testing. Statistics were calculated using GraphPad Prism 5. Data are presented as mean AE SEM. Differences were considered significant when P < 0.05.
Results
The extent of desmoplasia in mouse tumors and human tumor xenografts correlates with the preponderance of FAP þ cells
We examined the extent of desmoplasia in several mouse tumors and human tumor xenografts. The murine pancreatic cancer cell line 4662 transplanted into syngeneic C57BL/6 mice and A549 human lung adenocarcinoma cells in NSG mice were circumscribed by dense stroma. In contrast, AE17.OVA mouse mesothelioma and I45 human mesothelioma tumors exhibited moderate and sparse desmoplasia, respectively (Fig. 1A) . Extensive accumulation of collagen and glycosaminoglycans (GAG) was evident in 4662 and A549 tumors compared with in AE17. OVA and I45 tumors (Fig. 1A) . In particular, high levels of HA, known to regulate tumor cell behavior (29, 30) and confer resistance to chemotherapy (18, 20, 21, 30) , were detected only in the more desmoplastic tumors. The levels and spatial distribution of HA correlated with those of versican, a proteoglycan implicated in tumor progression that associates with HA (Fig. 1A) . Notably, all matrix components examined were dispersed diffusely throughout the AE17.OVA and I45 tumors compared with the restricted localization of highly concentrated matrix components in the stromal regions of desmoplastic 4662 and A549 tumors (Fig. 1A) . Fig. S1A ), further characterized as F4/ 80 Fig. S1B ).
Interestingly, the proportion of CD45
in the various tumor types correlated with the degree of desmoplasia. FAP þ stromal cells represented 8% and 12% of total cells in the highly desmoplastic 4662 and A549 tumors, respectively, compared with only 0.3% to 1.2% in AE17.OVA tumors and I45 xenografts (Fig. 1B) . The level of FAP þ M2-like macrophages
) also correlated with the degree of desmoplasia, representing 0.34% and 1.65% in 4662 and A549 tumors, respectively, compared with just 0.1% of total cells in AE17.OVA tumors and I45 xenografts (Fig. 1B) . These data raised the possibility that FAP Figs. S3C and S3D) , and the number of CD31 þ vessels was decreased by 30% (P < Fig. S3E ). In contrast, the stroma in tumors of mice that received MigR1 T cells was similar to that in the untreated control ( Supplementary Figs.  S3C-S3E ). These data establish that FAP þ stromal cells are required for the maintenance of desmoplasia. These data prompted us to investigate whether FAP þ CASCs might promote tumor growth through immune-independent stromal-dependent mechanisms. On the other hand, FAP-CAR T cells had no effect on human I45 tumor xenografts (Fig. 2C) , which induced little if any desmoplastic response, indicating that the anti-tumor activity is dependent on the presence of intra-tumoral FAP þ cells and not likely S4 ). These data indicate that extrinsic signals provided by stromal cells and/or ECM are required to maintain the ductal-like spatial organization of tumor cells. As angiogenesis is critical for tumor progression and is known to be dependent on stromal cells and matrix (7, 11, 23) , we investigated whether FAP-CAR T cells affected vascularization of A549 tumor xenografts. Quantification of CD31 þ (endothelial cell) and NG2 þ (pericyte) staining indicated that treatment with FAP-CAR T cells resulted in a 53% decrease (P < 0.01) in tumor endothelial cells (Fig. 3C ) and 92% decrease (P < 0.01) in pericytes ( Fig. 3D ) when compared with tumors from untreated mice.
0.05) after FAP-CAR T cell infusion (Supplementary
FAP-CAR T cells can mediate immune-independent growth inhibition of desmoplastic human xenografts
FAP-CAR T cells resolve desmoplasia in highly desmoplastic human lung cancer xenografts
Because the preponderance of FAP þ cells correlated with the degree of desmoplasia, we investigated whether FAP þ cells are required to maintain desmoplasia in well-established tumors. Collagen content was decreased by 72% (P < 0.01; Fig. 4A ) and fibronectin by 55% (P < 0.05; Fig. 4B ) in FAP-CAR T cell-treated A549 tumors. Total GAGs and HA were reduced by 57% (P < 0.05) and 75% (P < 0.01), respectively ( Fig. 4C and D) , in FAP-CAR T-cell-treated A549 tumors. Furthermore, versican, a proteoglycan implicated in tumor progression that interacts with HA, fibronectin, collagen, as well as cell surface proteins such as CD44 and integrin-b1 (47, 48) , was depleted by 93% (P < 0.01; Fig. 4E ). The effects of conditional FAP þ CASC depletion indicate that these cells are critical for maintenance of desmoplasia.
FAP-CAR T cells inhibit the growth of nonimmunogenic but highly desmoplastic PDAs through immune-independent mechanisms
Having determined that depletion of FAP þ CASCs could inhibit stromagenesis, angiogenesis, and resolve desmoplasia, we sought to determine if these findings would extend to PDA, one of the most desmoplastic tumor types. Furthermore, because FAP-CAR T cells were able to restrict the growth of human xenografts in immune-incompetent mice, we also sought to determine whether immune-independent mechanisms might also play a role in PDA, one of the least immunogenic tumor types described. We initially employed the 4662 tumor cell line that we derived from a tumor that arose spontaneously in a KPC mouse. 4662 tumors were nonimmunogenic as the growth of this tumor was comparable when implanted subcutaneously into syngeneic C57BL/6 versus NSG mice (Supplementary Fig. S5A ). Furthermore, antibodymediated depletion of either CD4 þ or CD8 þ T cells did not change tumor growth relative to isotype-treated controls (data not shown). C57BL/6 or NSG mice bearing established 4662 tumors were injected with two doses of FAP-CAR or MigR1 T cells (one week apart). Seven days following the administration of the second dose of T cells, the growth of 4662 PDA was reduced by 36% (P < 0.05) in immune-competent C57BL/6 mice that received FAP-CAR T cells relative to the tumors from mice treated with MigR1 T cells (Fig. 5A ). The number of CD11b Fig. S5C ). Importantly, FAP-CAR T cells had a similar impact on the growth of 4662 tumors in immune-incompetent NSG mice, indicating that FAP-CAR T cells inhibited 4662 tumor growth via immune-independent mechanisms (Fig. 5A ). We next extended these studies to the autochthonous KPC mouse model of PDA. Tumor-bearing KPC mice were treated with FAP-CAR or control T cells and tumor growth was measured by ultrasound over a 2-week period. Treatment with FAP-CAR T cells significantly inhibited tumor growth in KPC mice compared with significant tumor progression in the controls (Fig. 5B) .
We also assessed the impact of treatment with FAP-CAR T cells on the desmoplastic response and angiogenesis in transplanted and autochthonous PDAs. FAP-CAR T cell treatment altered stromal architecture, reduced proliferation, and increased apoptosis in 4662 and autochthonous PDAs (Fig. 5C and D and Supplementary Fig. S6 ). FAP-CAR T-cell treatment decreased FAP þ stromal cells by 62% (P < 0.01) and 91% (P < 0.01) in 4662 tumors and autochthonous PDAs, respectively (Fig. 6A) . Ã and #, statistical significance between untreated and FAP-CAR T-celltreated samples (n ¼ 3), P < 0.01 and P < 0.05, respectively. Scale, 100 mm.
Interestingly, FAP and SMA defined distinct, yet overlapping, subsets of stromal cells in both mouse and human pancreatic tumors ( Supplementary Fig. S7 ). Similar to the results described above, we again observed 70% depletion of SMA þ cells in both models of PDA (Fig. 6B) . Furthermore, FAP-CAR T-cell treatment resulted in a 50% reduction in tumor endothelial cells (Fig. 6C ) and 70% decrease in pericytes (Fig. 6D ) in both models. Collagen content in murine PDAs was decreased by 70% to 80% (Fig. 7A) following treatment with FAP-CAR T cells, whereas HA and versican were reduced by 34% to 52% (Fig. 7B ) and 61% to 74% (Fig. 7C) , respectively. To determine whether FAP-CAR T-cell-mediated disruption of tumor stroma could facilitate drug delivery to inhibit tumor progression, we treated mice bearing 4662 tumors with FAP-CAR T cells along with gemcitabine. The combination therapy had additive anti-tumor activity compared with the impact of treatment with either alone (Supplementary Fig. S8 ).
Discussion
There is growing interest in developing therapeutic strategies that target nonmalignant, tumor-promoting CASCs. One emerging candidate is FAP, which is expressed by CAFs, MSCs, and a subset of M2 macrophages, but not by quiescent fibroblasts. Clinicopathological studies indicate that accumulation of FAP þ CASCs is associated with tumor progression, metastasis, and predicts poorer outcome in many types of human malignancies, including PDA and colon cancer (49, 50) . In contrast, accumulation of SMA þ myofibroblasts correlates with better prognosis and depletion of these cells accelerates tumor progression in murine models of PDA (34) . Taken together, these data indicate that deleting FAP A second dose was given 6 days later. Ã and # denote statistical significance between MigR1 and FAP-CAR-treated samples in B6 and NSG mice, respectively (P < 0.05). B, tumorbearing KPC mice received FAP-CAR or MigR1 T cells intravenously and tumor progression was followed by ultrasound (n ¼ 3 per group). Ã , statistical significance between MigR1 and FAP-CAR-treated samples, P < 0.01. The black arrow indicates the time of T-cell transfer. 4662 PDAs (C) and autochthonous PDA (D) sections were stained with antibodies against Ki-67 and cleaved caspase-3.
Ã and #, statistical significance between MigR1 and FAP-CAR T-cell-treated samples, P < 0.01 and P < 0.05, respectively. Scale, 100 mm. H&E, hematoxylin and eosin.
Several studies showed that depletion of FAP þ CASCs restricted tumor growth by enhancing antitumor immunity (16, 35, 36, 44) . This likely occurs through multiple mechanisms, including loss of immunosuppressive effects of stromal cells and/or enhancement of tumor access, recruitment, survival, or retention of immune cells. These mechanisms bode well for combining stromal-targeted CAR T-cell therapy with cancer vaccines or immunological checkpoint antagonists such as anti-CTLA-4, anti-PD-1, or anti-PD-L1 (16, 35, 36, 44) . Here, we explored the possibility that FAP þ CASCs may also exert tumor-promoting functions via immune-independent mechanisms by depleting FAP þ CASCs using FAP-CAR T cells in mouse tumors and human xenografts that exhibit varying degrees of desmoplasia and immunogenicity, and in settings in which a potential role for adaptive immunity was eliminated.
Using tumors with varying amounts of desmoplasia, we found that the extent of matrix accumulation correlated with the preponderance of The disruption of ECM components known to directly support tumor cell survival and growth likely underlies FAP-CAR T-cellmediated growth restrictions of human xenografts (A549) and of poorly immunogenic 4662 tumors in immune-incompetent and syngeneic immune-competent hosts. These effects may be direct, through disruption of stromal cell-and matrix-dependent signaling in tumor cells, and/or indirect through inhibition of angiogenesis. These mechanisms, however, are not always sufficient to impact tumor growth. The growth inhibition of immunogenic AE17.OVA tumors by FAP-CAR T cells was lost in immune incompetent hosts, indicating a requirement of adaptive immunity (44) . However, AE17.OVA tumors grew much more rapidly in NSG mice (44) . Such an increase in growth kinetics might overcome any potential immune-independent tumor inhibitory effects elicited by FAP-CAR T cells in a tumor that exhibits Ã and #, statistical significance between MigR1 and FAP-CAR T-cell-treated samples, P < 0.01 and P < 0.05, respectively. Scale, 100 mm. minimal stromagenesis. Moreover, FAP-CAR T-cell-mediated matrix modification may have augmented antitumor immunity by influencing immune cell recruitment and/or motility, as matrix architecture has been shown to regulate intratumoral T-cell localization and migration (24) . We found that depletion of FAP þ CASCs modestly increased CD8 þ T-cell infiltration even into nonimmunogenic highly desmoplastic 4662 PDAs, but their roles in inhibiting tumor growth in this model remain to be determined. In addition, we observed neither an increase in Treg infiltration, nor importantly, increased incidence of lung metastasis in the tumor-bearing mice treated with FAP-CAR T cells (data not shown). In addition to immunomodulatory effects, stromagenesis has direct effects on tumor cells and indirectly controls tumor growth through regulation of angiogenesis (7, 11 However, we did not observe immune-mediated hypoxia-associated necrosis as previously reported (36) . Instead, tumors that received FAP-CAR T-cell treatment exhibited a reduced proliferative index and an increased apoptotic index compared with either MigR1 T-cell-treated or untreated tumors. In addition, FAP-CAR T-cell treatment disrupted tumor ductal-like structure, indicating that extrinsic cues provided by stroma are critical to the spatial orientation of tumor cells. Recent studies raised the concern that ablation of FAP þ stromal cells could induce bone marrow hypocellularity and cachexia in mice (37, 43) . Despite careful examination, we again did not observe bone marrow destruction or changes in total body weight using the indicated treatment regimens in the tumor models investigated. The difference in toxicities may be due to the difference in epitope specificity of the anti-FAP antibodies used to generate CARs in different studies, the fact that our FAP-CAR T cells only transiently deplete FAP þ cells and/or the fact that the FAP-CAR T cells we generated preferentially deplete cells expressing high levels of FAP (including tumor-associated stromal cells) but not cells expressing low levels of FAP (e.g., basal levels of FAP on normal cells). Thus, as we previously proposed (44) , there might be a therapeutic window using appropriate CAR constructs.
Results from other research groups (38, 39, 41) , including two independently generated FAP-CAR constructs (40, 42) also support this concept. Given potential toxicity, it is important to note that even a temporary disruption of tumor stroma may be sufficient for therapeutic benefit. For instance, transient depletion of stromal HA was shown to facilitate delivery of gemcitabine to tumors, thereby augmenting efficacy of chemotherapy in pancreatic cancer (18, 20) . Previous work employing anti-FAP vaccination resulted in decreased levels of collagen 1 and increased intratumoral uptake of chemotherapeutics (39) . Furthermore, we and others showed that depletion of FAP þ CASCs could disrupt immunosuppression to enhance therapeutic efficacy of cancer vaccines (36, 44) or checkpoint antibodies (16) . We postulate that the desmoplastic response mediated by FAP þ CASCs could thus contribute to therapeutic resistance through the multiple mechanisms discussed here. We are currently testing if depletion of tumor stroma by FAP-CAR T cells could augment the efficacy of multiple other therapeutic modalities. Our data to date indicate that the combination of stromal cell depletion with gemcitabine treatment provides at least additive anti-tumor effects in 4662 tumors and we are exploring the mechanisms involved. In summary, the results presented herein provide proof-ofconcept that, in addition to suppressing adaptive anti-tumor immunity, FAP þ CASCs orchestrate tumor-promoting effects by enhancing tumor angiogenesis and desmoplasia. The balance of these various tumor-promoting effects of FAP þ cells is determined by multiple parameters: the immunogenicity of the tumor, the prevalence of FAP þ CASCs and extent of desmoplasia in the tumor microenvironment. Furthermore, depletion of FAP þ CASCs inhibits tumor growth through both adaptive immune-dependent and -independent mechanisms. Moreover, cross-talk between these mechanisms may also contribute to reduced tumor growth. Therefore, developing combinatorial strategies that incorporate FAP þ CASC depletion for cancer treatment may offer therapeutic advantages.
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